Conceptus implantation involves pregnancy-specific alterations in extracellular matrix at the conceptus-maternal interface. Secreted phosphoprotein 1 (SPP1, osteopontin) is induced just before implantation and is present at the conceptusmaternal interface in mammals. In the present study, we investigated mechanisms by which SPP1 facilitates porcine conceptus and uterine luminal epithelial cell attachment. Native bovine milk and wild-type rat recombinant SPP1 stimulated trophectoderm cell migration. Bovine milk SPP1, ovine uterine SPP1, and recombinant wild-type, but not mutated, rat SPP1 promoted dose-and cation-dependent attachment of porcine trophectoderm and uterine luminal epithelial cells, which was markedly reduced in the presence of a linear Arg-Gly-Asp integrin-blocking peptide. Affinity chromatography and immunoprecipitation experiments revealed direct binding of alphavbeta6 trophectoderm and alphavbeta3 uterine epithelial cell integrins to SPP1. Immunofluorescence microscopy using SPP1-coated microspheres revealed colocalization of the alphav integrin subunit and talin at focal adhesions as well as at the apical domain of trophectoderm cells. Similarly, immunofluorescence staining of implantation sites in frozen gravid uterine cross sections localized SPP1 and alphav integrin to the apical surfaces of trophectoderm and luminal epithelium and beta3 integrin to the apical surface of luminal epithelium. To our knowledge, the present study is the first to demonstrate functionally that SPP1 directly binds specific integrins to promote trophectoderm cell migration and attachment to luminal epithelium that may be critical to conceptus elongation and implantation.
INTRODUCTION
Implantation is the process by which the blastocyst attaches to the uterus for juxtaposition of embryonic and maternal circulations, leading to the establishment of a functional placenta and successful pregnancy. This is a highly synchronized process that requires reciprocal secretory and physical interactions between a developmentally competent conceptus (embryo/fetus and associated placental membranes) and the uterine endometrium during a restricted period of the uterine cycle termed the ''window of receptivity.'' Initial interactions between apical surfaces of uterine luminal epithelium (LE) and conceptus trophectoderm (Tr) requires the initial loss of antiadhesive molecules in the glycocalyx of LE, which is comprised largely of mucins that sterically inhibit attachment [1] [2] [3] [4] [5] . This results in the exposure of molecules such as galectins and selectins that, using a mechanism strikingly similar to leukocyte extravasation, facilitates initial attachment of the conceptus to the uterine LE [6] [7] [8] [9] . These low-affinity contacts are replaced by a more stable and extensive mosaic of attachment interactions between integrins and extracellular matrix (ECM) proteins and other coreceptors, which appear to be the dominant contributors to stable adhesion at implantation [2, [10] [11] [12] .
Secreted phosphoprotein 1 (SPP1, osteopontin) is a secreted ECM protein that is upregulated during the initial stages of pregnancy in the uteri of humans [13] [14] [15] and other mammalian species [16] [17] [18] [19] , including pigs [20, 21] . SPP1 contains an Arg-Gly-Asp (RGD) sequence that mediates binding to cell surface integrin receptors, including avb3 (ITGAVB3) [22] [23] [24] , a5b1 (ITGA5B1) [25] , avb1 (ITGAVB1) [26] , avb5 (ITGAVB5) [26] , avb6 (ITGAVB6) [27] , and a8b1 (ITGA8B1) [28] . Alternative binding-sequence interactions between SPP1 and integrins such as a4b1 (ITGA4B1) [29] , a9b1 (ITGA9B1) [30] , and a4b7 (ITGA4B7) [31] also can occur. Binding of SPP1 to these various receptors results in diverse effects, including cell-to-cell and cell-to-ECM adhesion; leukocyte, smooth muscle cell, and endothelial cell chemotaxis; endothelial and epithelial cell survival; and fibroblast, macrophage, and tumor cell migration [23, 26, 28, [32] [33] [34] [35] . In the uteri of pregnant pigs, estrogens secreted by the elongating, Day 12 conceptus induce synthesis and secretion of SPP1 specifically in the maternal uterine LE cells in direct apposition to the implanting conceptus [21] . SPP1 protein is abundantly detected on both the apical surface of uterine LE as well as conceptus Tr (presumptive placenta), coinciding with the attachment phase of implantation in pigs (beginning at ;Day 14 of pregnancy) [20, 21] . These studies led us to hypothesize that SPP1 is functionally required for events associated with implantation, including conceptus Tr proliferation, migration, and attachment to LE.
Integrin receptors for SPP1 have been detected in the endometrium of multiple mammalian species, and the expression of integrins is regulated during the uterine cycle in humans [36, 37] , mice [38] , and pigs [1] . Lessey et al. [36, 39, 40] have demonstrated that the regulated expression of ITGAVB3 and ITGA4B1 on uterine LE defines the window of receptivity. Armant et al. [41] and Yelian et al. [42] have established that mouse trophoblast attachment and outgrowth is RGD-dependent and occurs on the ECM protein fibronectin (FN). Furthermore, studies have shown that in vivo administration of RGD peptides or antibodies directed to integrin aV (ITGAV) or integrin b3 (ITGB3) subunits decreases the number of implantation sites in mice and rabbits [43, 44] , suggesting that Tr attachment to uterine ECM is at least in part an integrin-dependent phenomenon. The peri-implantation synthesis of SPP1 by porcine uterine LE and upregulation of integrin receptors on LE and Tr suggests that SPP1 is secreted by uterine LE and binds to LE and Tr to facilitate bidirectional bridging between these surfaces via integrins for conceptus elongation and attachment [21] . Indeed, SPP1 is an excellent candidate attachment factor, because it is both flexible in solution, which allows for simultaneous binding to more than one integrin receptor [45, 46] , and can form homotypic polymers of high tensile strength via transglutaminase crosslinking, indicating that self-assembly can provide exposure of multiple integrin-binding sites for cell-cell and cell-matrix interactions [47] . In addition, SPP1 can be posttranslationally cleaved, generating fragments with increased cell-binding affinity [24] . Although a previous study demonstrated decreased adhesion of transformed human endometrial epithelial (Ishikawa) cells to SPP1 by blockade with integrinblocking antibodies [48] , little evidence indicates direct interaction of SPP1 and integrins during implantation.
The objectives of the present study were to further elucidate an implantation mechanism in pigs mediated through integrin binding to SPP1 by demonstrating the effects of several forms of SPP1 on porcine Tr cell proliferation, migration, and attachment. Specific integrin heterodimers in porcine Tr and LE cells that bind SPP1 directly also were identified. This knowledge is essential to understand the mechanisms by which Tr and LE cells orchestrate bidirectional cell-cell and cell-matrix interactions between the developing conceptus and uterine endometrium. Results reported here provide a significant advance in our understanding of the mechanistic framework and physiology that underlies early implantation in mammals.
MATERIALS AND METHODS

Animals
Experimental and surgical procedures involving animals as a source of porcine Tr and uterine LE cells as well as uterine/placental frozen sections complied with the Guide for the Care and Use of Agricultural Animals and were approved by the Institutional Agricultural Animal Care and Use Committee of Texas A&M University.
Porcine Cell Culture
The porcine (Sus scrofa) Tr cell line (pTr2) was developed and propagated as described previously [49] in Dulbecco modified Eagle medium-Ham F12 (DMEM-F12; Sigma) with 5% (vol/vol) fetal bovine serum (FBS). The porcine uterine epithelial (pUE) cells were isolated and cultured as described previously [50] in DMEM-F12 with 10% (vol/vol) FBS. All cells were maintained, and all experiments involving pTr2 and pUE cultures were conducted, in a 5% CO 2 , humidified environment.
Protein Isolation
Native SPP1 was isolated from bovine milk as described previously [51] . Native SPP1 was isolated from ovine uterine luminal secretions (uterine milk) as described previously [52] . Recombinant rat SPP1 proteins with the RGD integrin-binding sequence (rSPP1 [RGD] ) and rSPP1 in which the integrinbinding sequence was mutated to Arg-Ala-Asp (RAD; rSPP1 [RAD]) were prepared from His-tagged expression vectors as described previously [53] and kindly supplied by Dr. Magnus Höök of the Institute of Biosciences and Technology, Texas A&M Health Science Center.
Cell Migration Assays
To determine whether SPP1 promotes chemotaxis of pTr2 cells, cells (100 000 cells/100 ll serum-free DMEM-F12) were seeded in a confluent layer on Transwell inserts (pore size, 8 lm; Corning-Costar) after the bottom side of each filter was coated with 100 lg/ml of bovine serum albumin (BSA). The following proteins were then added to wells in serum-free DMEM-F12 at concentrations of 1, 10, or 50 lg/ml (n ¼ 3 replicates/treatment): bovine milk SPP1 (bSPP1), rSPP1 (RGD), recombinant full-length human FN (hFN; positive control), or BSA (negative control). After 12 h, cells remaining on the top portion of the membrane were removed by scraping with a cotton swab, and membranes were fixed in 4% (wt/vol) paraformaldehyde for 5 min. Membranes were removed, placed on slides, and stained with 4 0 ,6 0 -diamidino-2-phenylindole (DAPI; Invitrogen). Cells that migrated to the bottom surface of the membrane were counted in five independent sections of each membrane, which accounted for approximately 70% of the membrane area, using a Zeiss Axioplan 2 fluorescence microscope with an Axiocam high-resolution digital camera and Axiovision 4.3 software (Carl Zeiss).
To test whether SPP1 is haptotactic for pTr2 cells, the bottom surface of each filter was coated with increasing doses (1, 10, or 50 lg/ml) of bSPP1, rSPP1 (RGD), rSPP1 (RAD), hFN, or BSA or 1, 5, or 10% (vol/vol) FBS in PBS. Filters were coated for 1 h, then blocked for 1 h with 100 lg/ml of BSA. Cells were seeded on the upper surface and the assay performed and quantified as described above. In a separate experiment, pTr2 cells were treated with 0, 10, 25, or 50 lm of blebbistatin, an inhibitor of myosin II-mediated motor activity, during the assay and seeded onto membranes that had been coated with 10 lg/ ml of bSPP1.
Cell Proliferation Assays
Two different cell proliferation experiments were conducted. In the first experiment, cells were seeded at 50% confluency on polystyrene microwells (Corning-Costar) and cultured for 4 h in DMEM-F12 with 5% (vol/vol) FBS. Cells were washed three times in serum-free DMEM-F12, and the soluble proteins bSPP1, rSPP1 (RGD), or rSPP1 (RAD) were added in concentrations ranging from 40 ng/ml to 20 lg/ml in serum-free DMEM (n ¼ 3 replicates/ treatment) along with control proteins (hFN and BSA) for cell attachment. Cells were cultured for 48 h before plates were washed in PBS and fixed in 10% formalin. Plates were stained with 0.1% (wt/vol) Amido black for 15 min, rinsed, and solubilized with 2 N NaOH to obtain an absorbance reading at 595 nm, which directly correlates with the number of cells stained in each well [54] . Cells maintained in the presence of 5% (vol/vol) FBS served as a positive control for cell proliferation.
In the second experiment, polystyrene microwells (Corning-Costar) were coated overnight at 48C with twofold serial dilutions (20 lg/ml to 40 ng/ml) of the above-referenced proteins (n ¼ 3 replicates/treatment). Cells were seeded at 50% confluency and cultured for 4 h in DMEM-F12 with 5% (vol/vol) FBS. Cells were then washed three times in serum-free DMEM-F12, and the soluble proteins listed above were added at the same concentration corresponding to the amount of protein coated in each well. Cells were cultured for 48 h, washed, stained, and quantified as described above.
Cell Attachment Assays
Cell attachment assays were conducted as described previously [29] . Polystyrene microwells (Corning-Costar) were coated overnight at 48C with twofold serial dilutions (20 lg/ml to 40 ng/ml) of the following proteins (50 ll) in PBS (n ¼ 3 replicates/treatment): bSPP1, ovine uterine SPP1 (oSPP1), rSPP1 (RGD), rSPP1 (RAD), hFN (positive control), or BSA (negative control). After blocking each well in 10 mg/ml of BSA in PBS (100 ll), 50 000 pTr2 cells were added per well and allowed to attach for 1 h (378C, 5% CO 2 ). In all cell attachment experiments, nonadherent cells were removed by washing in isotonic saline, and wells were fixed in 10% (vol/vol) formalin in PBS. Plates were stained with 0.1% (wt/vol) Amido black for 15 min, rinsed, and solubilized with 2 N NaOH to obtain an absorbance reading at 595 nm, which directly correlated with the number of cells stained in each well [54] .
To demonstrate that binding of pTr2 and pUE cells to SPP1 was integrindependent, an attachment assay was performed in which levels of cations were varied. Polystyrene microwells (Corning-Costar) were coated overnight at 48C with 10 lg/ml of the proteins listed above and then blocked for 1 h with 10 mg/ ml of BSA. Cells were washed in cation-free Puck's Saline A (PSA) and resuspended in PSA containing 100 lg/ml of BSA. Cells were allowed to attach for 1 h in either PSA with 2 mM Ca 2þ plus 1 mM Mg 2þ or PSA with no cations (n ¼ 3 replicates/treatment).
Blockade of integrin receptors on pTr2 cells was performed to demonstrate RGD-dependent attachment to SPP1. Experiments were conducted with 5 lg/ ml of bSPP1, rSPP1 (RGD), or hFN as a substrate. Cells were preincubated SPP1 PROMOTES CONCEPTUS IMPLANTATION VIA INTEGRINS with the linear blocking peptide Gly-Arg-Gly-Asp-Ser (GRGDS; 250 lg/ml; Peptides International, Inc.) or the control peptide Gly-Arg-Ala-Asp-Ser (GRADS; 250 lg/ml) for 15 min at 378C before being allowed to attach for 1 h (378C, 5% CO 2 ) [55] .
Integrin Affinity Chromatography and Immunoprecipitation
To identify pTr2 and pUE integrins that directly bind to SPP1, affinity chromatography experiments were performed [29, 51] . The bSPP1 was coupled to cyanogen bromide-activated Sepharose 4B (Sigma) at 1 mg/ml according to the manufacturer's instructions. The bSPP1 was used for this experiment because it promoted greater levels of attachment than rSPP1 in adhesion assays and because of limited supplies of oSPP1. Surface biotinylation of pTr2 and pUE cells was performed as described previously [56] . Briefly, pTr2 and pUE cells were surface-labeled with biotin in 75-cm 2 flasks for 1 h at room temperature and washed with PBS. Cells were lysed with 50 mM octyl-b-Dglucopyranoside (OG; Fisher Scientific) containing 1.5 mM MnCl 2 and 1.5 mM MgCl 2 for 30 min on an orbital shaker at 48C. Cell extracts were centrifuged and then mixed at 20-min intervals with SPP1-Sepharose (0.5 ml) for 2 h at 08C. The column was washed with 20 ml of 1% OG plus Mg 2þ and Mn 2þ , and 0.5-ml fractions were eluted with 4 ml of 1% (wt/vol) OG plus 10 mM ethylenediaminetetra-acetic acid (EDTA). Thirty microliters of each fraction were separated on a 7% polyacrylamide gel under nonreducing conditions, transferred to polyvinylidene difluoride (PVDF), and blocked for 30 min with 5% (wt/vol) nonfat dry milk in Tris-buffered saline containing 0.1% (vol/vol) Tween 20. Blots were probed for biotin using streptavidin-alkaline phosphatase as described previously [29, 51] .
Antibodies directed to specific integrin subunits were validated using immunoprecipitation or Western blotting. In total, we tested 13 commercially available antisera directed to integrin subunits previously reported to interact with SPP1 [57] . Those antibodies useful for immunoprecipitating porcine integrins included anti-a4 (ITGA4; AB1924; Chemicon), anti-av (ITGAV; AB1930; Chemicon), anti-b3 (ITGB3; AB1968; Chemicon), and anti-b6 (ITGB6; clone CSb6; Chemicon). Antibodies directed to the a5 (ITGA5; AB1928; Chemicon) and b1 (ITGB1; clone DE9; Upstate) integrin subunits were validated for Western blotting.
Integrins on pTr2 and pUE cells that bound to the SPP1-Sepharose column were identified using immunoprecipitation or Western blotting [29, 51] . Protein A-Sepharose (Pierce) was washed and suspended (1:1) with 0.5% (vol/vol) Triton X-100 in Tris-buffered saline (TBS). In 1.5-ml microcentrifuge tubes, 200 ll of the bead mixture, 5 lg of antibody, 150 ll of pooled EDTA eluates, and 600 ll of 0.5% (vol/vol) Triton X-100 in TBS were combined. This mixture was rotated gently overnight at 48C, centrifuged at 300 3 g for 30 sec, and washed six times with 1 ml of 0.5% (vol/vol) Triton X-100 in TBS. Beads were combined with 100 ll of 23 sample buffer and boiled for 10 min. Samples (30 ll) were separated by 7% SDS-PAGE under nonreducing conditions and transferred to PVDF. The blots were probed for biotin as described above.
To identify integrins that bound SPP1 directly, using Western blotting, 30 ll of labeled pTr2 or pUE cell lysate and pooled column eluates were separated by nonreducing SDS-PAGE and transferred to PVDF. The blots were blocked in 5% (wt/vol) nonfat dry milk for 1 h at room temperature and incubated overnight at 48C with antibodies directed to ITGA5 or ITGB1 subunits and visualized on autoradiography film using enhanced chemiluminescence.
Immunofluorescence Microscopy for Integrin Activation at the Basal Membrane of Cultured pTr2 Cells
Four-chamber Lab-Tek Permanox slides (Nalge Nunc International) were coated overnight with bSPP1 at room temperature and blocked with 10 mg/ml of BSA for 1 h. The pTr2 cells were seeded on the slides and allowed to attach for 2 h (378C, 5% CO 2 ) in DMEM-F12 plus 100 lg/ml of BSA. Cells were then washed in PBS and fixed in À208C methanol for 10 min. Immunofluorescence staining was performed as described previously [2] . After washing with PBS containing 0.3% (vol/vol) Tween 20, cells were blocked with 10% (vol/vol) goat serum and incubated overnight at 48C with a monoclonal antibody to human ITGB6 or a monoclonal antibody to human talin (TLN) clone 8d4 (T3287; Sigma). Tissue-bound primary antibody was then detected with goat anti-rabbit IgG Alexa 488 (Chemicon). Mouse IgG at the same concentration as the primary monoclonal antibodies was used as a negative control. Slides were overlaid with Prolong Gold Antifade (Invitrogen) antifade mounting reagent with DAPI and a cover glass.
In Vitro Bead Assay for Integrin Activation at the Apical Membranes of Cultured pTr2 Cells
To demonstrate functional integrin activation and cytoskeletal reorganization in response to SPP1 binding, in vitro bead assays were performed [2] .
Polystyrene beads (10.0 lm; Polysciences, Inc.) were washed in highphosphate PBS (hPBS; 0.1 M NaCl, 2.7 mM KCl, 5 mM Na 2 HPO 4 , 0.85 mM KH 2 PO 4 , and 50 mM NaH 2 PO 4 ; pH 7.4) and centrifuged (five centrifugations at 7000 3 g for 5 min each). Beads were coated with poly-Llysine (Sigma) or bSPP1 (100 lg/ml in hPBS) and incubated at room temperature for 24 h under constant agitation. The beads were washed five times in hPBS as described above and then incubated overnight with sterile BSA (1 mg/ml in hPBS) under constant agitation, washed, and stored at 48C.
The pTr2 cells were seeded onto two-well Lab-Tek coverglass chamber slides (Nunc) and cultured for 48 h. Cells were then washed once in DMEM-F12 plus 1 mg/ml of BSA. Beads coated in bSPP1 or poly-L-lysine were diluted in DMEM-F12 plus 1 mg/ml of BSA to a final concentration of 2 3 10 6 beads per 2 ml per chamber, then incubated with cells for 1 h (378C, 5% CO 2 ). Cells were then washed with PBS and fixed with 2% (wt/vol) paraformaldehyde in PBS at room temperature for 10 min and rinsed twice with PBS containing 0.3% (vol/vol) Tween 20. Next, cells were incubated in 1% (vol/vol) Triton X-100 in PBS for 10 min and washed twice with PBS/Tween and once with PBS/ Tween containing 2% (wt/vol) BSA. Immunofluorescence staining was performed as described previously [58] . Briefly, cells were incubated for 30 min at room temperature in 10% (vol/vol) normal goat serum, followed by an overnight incubation in a polyclonal rabbit antibody to human ITGAV. Rabbit IgG at the same concentration as the rabbit anti-ITGAV antibody was used as a negative control. Cells were again rinsed in PBS/Tween plus BSA and three times in PBS/Tween and incubated with goat anti-rabbit IgG Alexa 488. Cells were washed in PBS/Tween, which was followed by one wash with PBS/ Tween plus BSA before incubation overnight in mouse anti-TLN at 48C. Mouse IgG at the same concentration as the mouse monoclonal anti-TLN antibody was used as a negative control. Following antibody incubation, cells were washed once in PBS/Tween plus BSA and three times in PBS/Tween. Cells were incubated in goat anti-mouse IgG Alexa 594 (Invitrogen) and washed twice in PBS/Tween 20 and three times in distilled water before being overlaid with Prolong Gold Antifade with DAPI and stored at 48C in the dark before immunofluorescence analysis. Optical slice images from the basal to apical plasma membrane of pTr2 cells were captured used a Zeiss Stallion Dual Detector Imaging System with Intelligent Imaging Innovations Software (Carl Zeiss). Fluorescence deconvolution of images was used to compare and verify integrin activation, cytoskeletal reorganization, and focal adhesion assembly at the basal and apical aspects of pTr2 cells.
Immunofluorescence Microscopy of In Vivo Porcine Conceptus and Endometrial Tissues
Sexually mature, crossbred gilts were observed daily for estrous behavior. Gilts exhibiting at least two estrous cycles of normal duration (18-21 days) were bred to sexually mature, crossbred boars and hysterectomized on Day 20 of pregnancy (n ¼ 4). Pregnancy was confirmed by visual observation of conceptus tissues undergoing attachment and placentation. Several sections (thickness, ;0.5 cm) from the middle portion of each uterine horn were embedded in Tissue-Tek Optimal Cutting Temperature (OCT) Compound (Miles), snap-frozen in liquid nitrogen, and stored at À808C. The SPP1 and ITGAV were localized in frozen uterine cross sections (Day 20 of pregnancy, n ¼ 4) as described previously [2] . Briefly, tissues were fixed in À208C methanol, rinsed in PBS containing 3% (vol/vol) Tween 20, blocked in 10% (vol/vol) normal goat serum, and incubated overnight with 2 lg/ml of a cocktail of antisera directed to human SPP1 (LF-123 and LF-124) [59] or ITGAV subunit (AB1930; Chemicon), ITGB3 subunit (AB1968; Chemicon), or alpha-actinin (ACTN; A2543, Sigma). Tissue-bound primary antibody was then detected with goat anti-rabbit IgG Alexa 594 (SPP1) or goat anti-rabbit IgG Alexa 488 (ITGAV, ITGB3, and ACTN). Slides were overlaid with Prolong Gold Antifade reagent with DAPI and a coverglass. Images were captured using a Zeiss Axioplan 2 microscope fitted with an Axiocam high-resolution digital camera using Axiovision 4.3 software.
RESULTS
SPP1 Stimulates pTr2 Cell Migration
The ability of SPP1 to act as a chemoattractant and stimulate migration of pTr2 cells was investigated. Soluble bSPP1 and rSPP1 (RGD) did not stimulate migration of pTr2 cells (Fig.  1A) . For this reason, we performed an assay to determine whether immobilized SPP1 stimulated pTr2 haptotaxis. In these experiments, the bottom of each membrane was coated with SPP1 and blocked with BSA. Highest levels of haptotactic migration occurred at 10 lg/ml with bSPP1 and rSPP1 (RGD), 816 whereas hFN promoted the highest levels of migration at 50 lg/ml (Fig. 1B) . No appreciable migration was seen with rSPP1 (RAD), indicating that the RGD sequence in SPP1 is required to stimulate haptotaxis of pTr2 cells. In a separate experiment, pTr2 cells were treated with blebbistatin, an inhibitor of myosin II-mediated motor activity. Cells were treated with either 0, 10, 25, or 50 lm of blebbistatin and seeded on a membrane precoated with 10 lg/ml of bSPP1. Cells treated with blebbistatin at any concentration demonstrated decreased haptotactic migration versus untreated cells on bSPP1 (Fig. 1C) (P , 0.05) . These results collectively support the hypothesis that SPP1 stimulates Tr cell migration that may be involved in the conceptus elongation that occurs before and during the initiation of conceptus attachment during implantation by stimulating force-driven, integrin-mediated haptotaxis of Tr cells.
SPP1 Does Not Stimulate Proliferation of pTr2 Cells
Two independent experiments were performed to determine the ability of SPP1 to stimulate pTr2 cell proliferation. In the first experiment ( Fig. 2A) , cells were seeded directly on polystyrene wells and incubated with different concentrations of soluble SPP1 in a serum-free medium. In the second experiment (Fig. 2B ), pTr2 cells were seeded onto wells coated with various concentrations of immobilized SPP1 and also incubated in the presence of graded concentrations of soluble SPP1 in a serum-free medium. No changes were observed with different treatments. Because total cell numbers were not different between treatments and FN and BSA controls, this indicated that bSPP1 does not stimulate pTr2 cell proliferation or enhance survival of pTr2 cells. Figure 3A demonstrates dose-dependent adhesion of pTr2 cells to various forms of SPP1 and hFN. The SPP1 promoted greater levels of attachment than hFN at protein concentrations ranging from 0.16 to 2.5 lg/ml. When molarity of the proteins used to coat the wells is taken into account, the binding of pTr2 cells to SPP1 and hFN is comparable. The molecular weight of FN is 230 kDa, whereas the molecular weight of bSPP1 is approximately 60 kDa, with one RGD integrin-binding site in each protein. Thus, the number of SPP1 molecules coating each well is approximately three-to fourfold greater than the number of FN molecules. At concentrations above 2.5 lg/ml, hFN mediated higher levels of cell attachment compared with SPP1. The higher binding levels of pTr2 cells to hFN compared to SPP1 at these concentrations may be the result of enhanced recognition of amino acids flanking the integrinbinding sequence by porcine integrins (see Discussion). It is important to note that SPP1 purified from ovine uterine luminal fluid also supported adhesion of pTr2 cells. In addition, mutation of the RGD integrin attachment sequence to RAD in rSPP1 resulted in diminished adhesive activity of the protein. This suggests that the RGD integrin-binding amino acid sequence mediates attachment of pTr2 cells to SPP1.
SPP1 Promotes Dose-and Integrin-Dependent Attachment of pTr2 Cells
Integrins require divalent cations for functional binding to ligands [60] . If cell attachment to immobilized proteins is integrin-dependent, no functional binding will occur without A) The underside of Transwell inserts were coated with 100 lg/ml of BSA. The hFN, bSPP1, rSPP1 (RGD), BSA (negative control), or 5% FBS (positive control) was added in serum-free DMEM to the bottom of the well at the concentrations indicated. Porcine Tr2 cells were added to the top of the filter and allowed to migrate. After 12 h, cells on the upper surface of the filter were removed, and the remaining cells were stained with DAPI before quantification. An asterisk indicates a significant difference from the negative control (P , 0.05). B) The underside of Transwell inserts were coated with hFN, bSPP1, rSPP1 (RGD), or FBS at the concentrations indicated. Membranes coated with BSA at the same concentrations served as a negative control; membranes coated with 5% FBS served as a positive control. The membranes were then blocked with 100 lg/ml of BSA before addition of cells. After 12 h, cells on the upper surface of the filter were removed and stained as described in A. All treatments were significantly different from the negative control. C) Transwell plates were coated with 10 lg/ml of bSPP1 as described in B. Blebbistatin (BBS) was added at the concentrations indicated just before addition of cells to filters. After 12 h, cells on the upper surface were removed and stained as described in A. An asterisk indicates a significant difference from the 10 lg/ml of bSPP1 treatment. Values represent percentage (mean þ SEM, n ¼ 4) of migrating FIG. 3. SPP1 promotes RGD-and integrin-dependent attachment of pTr2 and pUE cells. A) Adhesion assays were conducted with increasing doses of multiple matrix proteins, including hFN, bovine SPP1 (bSPP1), ovine uterine SPP1 (oSPP1), rSPP1 (RGD), and rSPP1 (RAD). Plates were coated with the indicated concentrations of proteins and allowed to attach in the presence of divalent cations (2 mM Ca 2þ þ 1 mM Mg 2þ ) for 1 h before nonadherent cells were removed. Adherent cells in all experiments were fixed, stained with Amido black, and quantified. B) SPP1 promotes integrin-mediated attachment of pTr2 cells. Adhesion assays were conducted with the matrix proteins listed in A. Plates were coated with 10 lg/ml of the proteins indicated and allowed to attach in the presence or absence of divalent cations (2 mM Ca 2þ þ 1 mM Mg 2þ ) for 1 h before removing nonadherent cells. C) SPP1 promotes integrinmediated attachment of pUE cells. Adhesion assays were conducted with the various matrix proteins listed in A. Plates were coated with 10 l/ml of the proteins indicated and allowed to attach in the presence or absence of divalent cations for 1 h before removing nonadherent cells. D) The integrin-binding amino acid sequence RGD is responsible for pTr2 adhesion to SPP1. Tr cells were incubated with 250 lg/ml of RGD peptide or 250 lg/ml of inactive ArgAla-Asp (RAD) peptide for 15 min at 378C before plating on bSPP1, rSPP1 (RGD), or hFN. Cells incubated without peptides served as a control. In all experiments, values represent absorbance readings (595 nm; mean þ SEM, n ¼ 3 wells/data point) from a representative experiment. Asterisks indicate adhesion is significantly greater than no-cation control (P , 0.05; B and C) or adhesion is significantly less than controls (P , 0.05; D). 818 divalent cations. In the absence of divalent cations, pTr2 cells failed to bind to hFN or any of the forms of SPP1 tested (Fig.  3B) . However, under physiological conditions (2 mM Ca 2þ and 1 mM Mg 2þ ) [61] , high binding to hFN and bSPP1 as well as moderate levels of binding to oSPP1 and rSPP1 (RGD) were observed. Thus, these data demonstrate pTr2 attachment to SPP1 is cation-and RGD-dependent, indicating that adhesion of pTr2 cells to SPP1 occurs through one or more integrins that recognize RGD sequences.
If SPP1 serves as an adhesive bridging ligand between Tr and endometrium during conceptus implantation, SPP1 must support adhesion of both pTr2 and pUE cell lines. Therefore, we additionally tested the ability of pUE cells to attach to SPP1 (Fig. 3C) . As with pTr2 cells, attachment of pUE cells to bSPP1, rSPP1 (RGD), and hFN occurred in the presence of 2 mM Ca 2þ and 1 mM Mg 2þ but not in the absence of divalent cations. Diminished adhesive activity was observed with rSPP1 (RAD). These results indicate that like pTr2 cells, adhesion of pUE cells to SPP1 occurs through one or more RGD-binding integrins.
To confirm that attachment of pTr2 cells to SPP1 is RGDdependent, RGD peptide antagonism experiments were conducted. The pTr2 cells (Fig. 3D) were incubated with either a function-blocking RGD or control RAD peptide before the cells were allowed to attach to immobilized bSPP1, rSPP1 (RGD), or hFN. Cells incubated with the RGD peptide showed significantly decreased adhesion to SPP1 compared to RAD and untreated controls (P , 0.05). These data confirm that adhesion of pTr2 cells to SPP1 is mediated by integrins that recognize the RGD amino acid sequence.
ITGAVB6 on pTr2 Cells and ITGAVB3 on pUE Cells Bind Directly to SPP1
Affinity chromatography experiments were performed with pTr2 cells to demonstrate direct functional binding of integrin receptors to SPP1 (Fig. 4A) . Detergent extracts of surfacebiotinylated pTr2 cells were incubated with bSPP1-Sepharose in the presence of 1.5 mM Mg 2þ and 1.5 mM Mn 2þ . After incubation, the column was washed in the presence of the cations listed and eluted with EDTA to chelate cations and release bound integrins. Integrins eluted in fractions E2, E3, and E4, with a integrin chains migrating at approximately 150 kDa and b integrin chains migrating at 100-120 kDa (Fig. 4A) .
To identify these integrins, immunoprecipitation assays were performed using antibodies that successfully immunoprecipitated integrin subunits from starting pTr2 or pUE cell lysates (data not shown). Antibodies directed to integrin subunits previously reported to be expressed on porcine Tr cells [50] and to bind SPP1 [57] were chosen to identify SPP1-binding integrins. These included the ITGA4, ITGAV, ITGA5, ITGB3, and ITGB6 subunits. Successful immunoprecipitation of labeled pTr2 integrins occurred with antibodies directed to the ITGAV and ITGB6 subunits, each of which immunoprecipitated an a and b subunit identical in molecular weight to the eluates shown in Figure 4A . The ITGB6-specific antisera successfully precipitated a b chain as well as an a chain, presumably ITGAV, its only known binding partner [62] . These data are consistent with the RGD-dependent cell adhesion data, because ITGAVB6 recognizes the RGD sequence [27] . Antibodies to ITGA4, ITGB1, and ITGB3 subunits did not immunoprecipitate appreciable amounts of these integrins from pTr2 column eluates, whereas a slight amount of ITGA5 was detectable. Because we were unable to successfully immunoprecipitate ITGB1 subunits from labeled pTr2 cell extracts, Western blots were performed to determine definitively whether ITGA5B1 from pTr2 bound SPP1 directly. Western blots (Fig. 4, E and F) demonstrated that whereas ITGA5 and ITGB1 subunits were present in pTr2 cell extracts (Fig. 4 , lane L), they were not present in SPP1-Sepharose column eluates (Fig. 4, lane E) . That lack of coprecipitating ITGB1 chain with the ITGA5 subunit, combined with an inability to detect ITGA5 or ITGB1 subunits from SPP1-Sepharose elution fractions, led us to conclude that the ITGA5 immunoprecipitation likely is nonspecific and that no detectable ITGA5B1 integrins bound to SPP1 directly (Fig.  4E) . These data indicate that ITGAVB6 on pTr2 cells binds directly to SPP1.
Additional affinity chromatography experiments were performed with pUE cells. Integrins eluted in fractions E2 through E8 (Fig. 4C) . To identify these integrins, immunoprecipitation analyses were performed using antibodies directed to integrin subunits known to be present on pUE cells [50] and previously reported to bind SPP1. Immunoprecipitation experiments using pUE eluates demonstrated binding of ITGAV and ITGB3 subunits to SPP1 (Fig. 4D) . Both antibodies immunoprecipitated an a and a b chain of similar molecular weight. To determine whether the ITGA5 or ITGB1 subunits from pUE cells bound SPP1 directly, Western blots were performed (Fig. 4, E and F) , and the results indicated that ITGA5 and ITGB1 subunits were present in labeled pUE cell extracts (Fig. 4 , lane L) but not in SPP1-Sepharose column eluates (Fig. 4 , lane E). These data indicate that ITGAVB3 on pUE cells binds directly to SPP1 and are consistent with lack of attachment of pUE cells to rSPP1 (RAD).
SPP1 Induces Functional Activation of Integrin Receptors in pTr2 Cells
To determine whether integrin receptors that bound SPP1 directly were functionally activated to form focal adhesions at their basal membranes when attaching to SPP1, pTr2 cells were cultured on SPP1-coated slides and then stained for localization of ITGB6 and the cytoskeletal protein talin (TLN) a key indicator of integrin activation [63] . Both ITGB6 subunit and TLN were observed in large aggregates as components of focal adhesions at the basal surface of pTr2 cells (Fig. 5) . These data are consistent with chromatography/immunoprecipitation studies indicating that pTr2 cells attach to SPP1 via integrin ITGAVB6.
The ability of SPP1 to function as a ligand for integrins present at the apical surfaces of pTr2 cells was evaluated using an in vitro bead assay [2] to measure integrin-mediated ''outside-in'' signaling. Figure 6 illustrates focal adhesions at the apical surface of pTr2 cells resulting from reorganization of integrins and cytoskeletal elements at the interface of SPP1-coated beads and the pTr2 plasma membrane. These apical focal adhesions, indicated by immunofluorescence colocalization of ITGAV and TLN, are the result of integrin activation in response to binding SPP1 on the surface of the bead. No focal adhesions were induced by the beads coated with poly-L-lysine. Basal focal adhesions served as an internal control for ITGAV and TLN colocalization.
SPP1, ITGAV, ITGB3, and ACTN Are Localized to the Maternal-Conceptus Interface at Porcine Implantation Sites
To illustrate the presence and potential bridging function of SPP1 and integrins in Tr and uterine endometrial tissues at pig implantation sites in vivo, cryosections of Day 20 pregnant porcine uterus (n ¼ 3 interface regions each from 4 different animals) were subjected to immunofluorescence analyses for SPP1 PROMOTES CONCEPTUS IMPLANTATION VIA INTEGRINS SPP1, ITGAV, and ITGB3 subunits and actin-binding protein ACTN. Results revealed staining for both SPP1 and ITGAV subunit localized to the apical surface of cells at the interface between maternal LE and conceptus Tr (Fig. 7) . Furthermore, the ITGAV subunit staining pattern consisted of large aggregates at the junction between Tr and LE cells, suggesting the formation of SPP1-induced in vivo focal adhesions at the apical surfaces of both Tr (Fig. 7, inset) and uterine LE cells that facilitate conceptus attachment to the uterus for implantation. The ITGB3 subunit appears in aggregates on the apical surface of LE cells, but not Tr, fitting with affinity chromatography data indicating direct binding of ITGAVB3 on pUE cells to SPP1 (Fig. 4D ).
An actin binding and bundling protein associated with the cytoplasmic tail of b integrin subunits in focal adhesions, ACTN also is associated with the zonula adherens (adherens junctions) of epithelial cells in association with E-cadherin (CDH1). ACTN became increasingly distributed across the apical LE and Tr surfaces on Day 20. In contrast, no changes were found in the distribution of ACTN associated with adherens junction in adjacent glandular and ductal epithelium, which is indicative of the recruitment of ACTN at the apical surface of LE and Tr during assembly of focal adhesions.
DISCUSSION
The goal of these experiments was to elucidate the function of uterine SPP1 (osteopontin) during early pregnancy and the potential mechanisms involved in conceptus elongation and attachment for implantation. Previous studies demonstrated   FIG. 4 . Affinity chromatography experiments demonstrate pTr2 and pUE cell integrin subunits bind directly to SPP1. A) pTr2 cells were surface-labeled with biotin and detergent extracts of the cells were prepared and subjected to affinity chromatography as described in Materials and Methods. Wash (W) and EDTA eluates (E1-E8) were separated by SDS-PAGE, transferred to PVDF, and probed for biotin using streptavidin-alkaline phosphatase. B) Immunoprecipitation studies were performed by combining pooled EDTA eluates (E2-E4) with Protein A-Sepharose, 0.5% Triton X-100 in TBS, and antibodies directed to the indicated integrin subunits. Samples were separated by 7% SDS-PAGE under nonreducing conditions and transferred to PVDF. The blots were probed for biotin using streptavidin-alkaline phosphatase. C) pUE cells were surface-labeled with biotin, and detergent extracts of cells were prepared and subjected to affinity chromatography as described in Materials and Methods. Wash (W) and EDTA eluates (E1-E8) were separated by SDS-PAGE, transferred to PVDF, and probed for biotin using streptavidin-alkaline phosphatase. D) Immunoprecipitation studies were performed by combining pooled EDTA eluates (E2-E4) with Protein A-Sepharose, 0.5% Triton X-100 in TBS, and antibodies directed to integrin subunits. Samples were separated by 7% SDS-PAGE under nonreducing conditions and transferred to PVDF. The blots were probed for biotin using streptavidin-alkaline phosphatase. E) Cell lysates (L) and SPP1-Sepharose column EDTA eluates (E) were subjected Western blot analysis using an antibody directed to the a5 integrin subunit (ITGA5; AB1928; Chemicon) and detected using enhanced chemiluminescence. F) Cell lysates (L) and SPP1-Sepharose column EDTA eluates (E) were subjected to Western blot analysis using an antibody directed to the b1 integrin subunit (ITGB1; 05-232; Upstate) and detected using enhanced chemiluminescence. For B and D, 0 ¼ no antibody (negative control). Antisera used were directed to a4 (ITGA4; AB1924; Chemicon), a5 (ITGA5; AB1928; Chemicon), av (ITGAV; AB1930; Chemicon), b1 (ITGB1; MAB1981; Chemicon), b3 (ITGB3; AB1968; Chemicon), b6 (ITGB6; MAB2076Z; Chemicon), avb3 (ITGAVB3; MAB1976Z; Chemicon), or avb5 (ITGAVB5; MAB1961; Chemicon). that SPP1 is present at the conceptus-maternal interface in pigs during implantation [20, 21] and that pig Tr and uterine LE express the potential SPP1 receptors ITGA4B1, ITGA5B1, ITGAVB1, ITGAVB3, and ITGAVB5 [1] . Because primates, rodents, and ruminants show similar temporal and spatial patterns of SPP1 in the uterus and placenta, results of these investigations are relevant to pregnancy in multiple mammalian species. The peri-implantation period of pigs is physiologically complex, involving the overlapping events of conceptus elongation and attachment to the uterine wall. The pig conceptus must be in close contact with the uterine LE for rapid elongation from Day 12 (2-mm spherical blastocyst) to 
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Day 15 (1-m filamentous organism) of pregnancy [64] before firm attachment to the LE can occur. Migration of Tr cells is observed during conceptus elongation, and clearly, cell adhesion is a hallmark of implantation. Our results show that the ECM protein SPP1 stimulates pTr2 cell migration by haptotaxis, not by proliferation. SPP1 also supports dose-and integrin-dependent pTr2 cell and pUE cell attachment (Fig. 3) . For the first time, specific integrin receptors have been shown to directly bind SPP1 on the conceptus and uterus. SPP1 binds ITGAVB6 on pTr2 cells and ITGAVB3 on pUE cells ( Fig. 4 ; summarized in Fig. 8 ). In addition, SPP1 stimulates outside-in signaling in pTr2 cells, based on its ability to induce integrin activation and focal adhesion formation in vitro, as well as the assembly of what appear to be large integrin aggregates at the uterine-placental interface at implantation sites in vivo. These results strongly suggest that SPP1 functions as a bridging molecule between LE and Tr during porcine conceptus implantation.
A major event during early porcine pregnancy is the remarkable elongation of the conceptus. Despite the rapid manner in which the conceptus elongates, much of this elongation is largely the result of cellular remodeling of the existing Tr and endoderm, not of cellular proliferation in the conceptus [65] . Indeed, the rates of cell hyperplasia and proliferative activity decline as the embryo changes from spherical to filamentous morphology [66, 67] . In addition, elongation of the conceptus is dependent on mechanical force needed to generate the cellular remodeling required to rapidly transform embryo morphology during Tr expansion [65] . Cells migrate by actively remodeling their actin cytoskeleton and must be able to transmit force from the actin cytoskeleton through integrins to an ECM ligand or other substrate to move forward [68] . Migration of pTr2 cells was induced by immobilized but not by soluble SPP1, whereas SPP1 did not stimulate proliferation of pTr2 cells. SPP1 has been shown to stimulate fibroblast, macrophage, and tumor cell migration, both through RGD-mediated [23, 26, 28, 33] and non-RGDmediated [32, 35] mechanisms. Whereas the porcine conceptus Tr does not penetrate or migrate into the uterine LE, the LE plays an essential role in controlling the development of the trophoblast, restricting its invasive properties [69] and allowing the Tr to attach to and move along the LE as it elongates during the early stages of implantation. The presence of SPP1 and integrins on both the Tr and LE, coupled with our data showing moderate stimulation of Tr haptotactic migration by SPP1, support the idea that SPP1 at the conceptus-maternal interface may be involved in movement of cells along the LE as the conceptus elongates. This observation underscores the importance of SPP1 in orchestrating the interplay between the Tr and LE during conceptus elongation and attachment in the early peri-implantation period.
In all mammals, the conceptus Tr initially must attach to the apical uterine LE for pregnancy to progress successfully. SPP1 expression has been detected during the peri-implantation period in sheep [16] , pigs [20, 21] , goats [18] , and rabbits [17] . Pigs, however, have a novel expression pattern for SPP1 mRNA. Whereas humans (LE and glandular epithelium), rabbits, and sheep express SPP1 in uterine glands during the peri-implantation period, pigs express SPP1 mRNA only in LE and not in uterine glands. Because the LE remains intact throughout pregnancy in pigs with true epitheliochorial placentation, a constant supply of SPP1 is available at the conceptus-maternal interface for the duration of pregnancy. In response to estrogen secreted by the conceptus, the porcine LE secretes SPP1, which binds to both the conceptus Tr and the apical surface of LE [21] . Here, we demonstrate that this binding is integrin-mediated and occurs through specific integrins on Tr (ITGAVB6) and LE (ITGAVB3) cells. Transient endometrial expression of ITGAVB3 and ITGA4B1 defines the widow of implantation in women [39, 70, 71] , and several conditions associated with infertility correlate with altered expression of these integrins [36, 72] . Human uterine LE expresses ITGA2B1, ITGA3B1, ITGA9B1, ITGA6B4, ITGAVB3, ITGAVB5, and ITGAVB6 based on subunit localization [37, 38, 70, 73] . ITGAVB5 is strikingly localized to the apical surface of LE, whereas ITGAVB3 and ITGAVB6 are upregulated during the receptive phase, suggesting a role for these three integrins in conceptus attachment for implantation. In addition, ITGAVB3 and ITGAVB5 are expressed in mouse endometrial epithelium [38] . Null mutations of ITGA5, ITGAV, or ITGB5 genes result in major developmental defects, including failure of chorioallantoic membrane fusion and perinatal lethality in mice [74] . Embryos in ITGB1 null mice develop normally but fail to implant [75, 76] , and functional blockade of ITGAV and ITGB3 subunits in mice and rabbits reduces the number of implantation sites [43, 44] . Collectively, these data underscore the importance of integrins and the ECM for implantation and development during early pregnancy in mammals.
The integrin recognition region of human SPP1 contains the a m i n o a c i d s e q u e n c e ( a m i n o a c i d s 1 5 3 -1 6 8 ) LDTYDGRGDSVVYGLR. The integrins confirmed to functionally bind to SPP1 on pig Tr and LE cells (ITGAVB6 and ITGAVB3, respectively) in the present study interact with the RGD-sequence in this region. A previous study showed that altering the 154D amino acid resulted in a decrease in SPP1 binding to ITGAVB6 and that a mutation of aspartic acid residues at positions adjacent to the RGD sequence (154, 157D) resulted in no binding of SPP1 to ITGAVB6 [27] . SPP1 binding to ITGA5B1 was minimally affected by these mutations, but a change in the 165Y amino acid dramatically decreased SPP1 binding, suggesting synergetic binding of this FIG. 8 . Summary of potential SPP1-integrin interactions at conceptusmaternal interface in pigs at implantation. Strong evidence [21] suggests that conceptus estrogen, secreted as the porcine pregnancy recognition factor, directly or indirectly stimulates SPP1 secretion from the uterine LE. SPP1 binds to LE cells via ITGAVB3 and to the conceptus Tr cells via ITGAVB6, where it is hypothesized to stimulate Tr migration during conceptus elongation and to act as a bridging molecule between LE and Tr during conceptus attachment for implantation. Although ITGA4, ITGA5, and ITGB1 do not bind SPP1 on conceptus Tr and uterine LE cells in culture, this does not preclude the possibility that other as-yetuninvestigated integrins, or other receptors, bind SPP1 on conceptus Tr and LE during the peri-implantation period of pigs.
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integrin to both the RGD and SVVYGLR sites. Binding of SPP1 to ITGAVB3, however, appears to depend solely on the RGD sequence. The integrin-recognition region of porcine SPP1 (amino acids 148-163 GDPNDGRGDSVVYGLR) is strikingly similar to that in humans [77] . Both the RGD and SVVYGLR sequences are conserved, as are the two aspartate residues one and four amino acids upstream of the RGD sequence. Thus, the structural basis for SPP1 binding to these integrins may be quite similar in pigs and humans. Interestingly, slightly increased adhesion of pTr2 and pUE cells to hFN occurred, which may be explained by enhanced recognition of the amino acids flanking RGD by porcine integrins.
An excellent candidate for mediating conceptus attachment to the uterus during implantation, SPP1 is flexible in solution, allowing simultaneous binding to more than one integrin receptor [45, 46] . SPP1 also can exist in a polymerized form cross-linked by transglutaminase. Homotypic SPP1 bonds have high tensile strength, suggesting that self-assembly is involved in cell-cell and cell-matrix interactions [47, 78] . These multimeric complexes may present multiple RGD sequences for simultaneous binding to integrins on multiple surfaces [78, 79] . Therefore, SPP1 has the potential to bind multiple proteins and to participate in assembly of multiprotein complexes to bridge the conceptus to the uterus during implantation. This notion is strengthened by the chromatography and immunoprecipitation results presented here, demonstrating that SPP1 is capable of binding multiple integrin ligands through its RGDrecognition sequence on porcine Tr cells (ITGAVB6) yet can recognize a different integrin receptor (ITGAVB3) through the same recognition sequence on pUE cells (Figs. 4, 5, and 8 ). These data support the idea of SPP1 acting as a bidirectional bridging ligand during implantation, capable of binding conceptus Tr to uterine LE through specific integrin receptors on each cell type. The present studies are the first to show a direct functional and mechanistic involvement of SPP1 and specific integrin receptors in mammalian implantation.
In summary, the present results support the hypothesis that SPP1 promotes integrin-mediated implantation in a porcine model by mediating Tr cell migration during elongation and Tr cell attachment for implantation. In this model, ITGAVB3 is constitutively expressed on the apical surface of LE and is not regulated during the estrous cycle or early pregnancy [1] , providing a permanent receptor for SPP1 following secretion from the LE in response to conceptus estrogen during early pregnancy. Therefore, SPP1 is anchored by ITGAVB3 on the apical surface of LE, providing a supportive framework for conceptus attachment and elongation via ITGAVB6 on Tr (Fig.  8) . Importantly, SPP1 has been identified at the conceptusmaternal interface in a number of species with different types of placentation, including pigs, ruminants, rodents, and primates. Because SPP1 is differentially regulated in a spatiotemporal manner dependent on placentation type, it will be important to investigate different mechanisms involving SPP1 and integrins in each of these species during implantation.
